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It has been known for a century that electromagnetic fields can 
transport not only energy and linear momentum but also an- 
gular momentum However, it was not until twenty years 
ago, with the discovery in laser optics of experimental tech- 
niques for the generation, detection and manipulation of pho- 
tons in well-defined, pure orbital angular momentum (OAM) 
states^, that twisted light and its pertinent optical vorticity and 
phase singularities began to come into widespread use in sci- 
ence and technology We have now shown experimentally 
how OAM and vorticity can be readily imparted onto radio 
beams. Our results extend those of earlier experiments on an- 
gular momentum and vorticity in radiolri^ in that we used 
a single antenna and refiector to directly generate twisted ra- 
dio beams and verified that their topological properties agree 
with theoretical predictions. This opens the possibility to work 
with photon OAM at frequencies low enough to allow the use 
of antennas and digital signal processing, thus enabling soft- 
ware controlled experimentation also with first-order quanti- 
ties, and not only second (and higher) order quantities as in 
optics-type experiments^^. Since the OAM state space is in- 
finite, our findings provide new tools for achieving high effi- 
ciency in radio communications and radar technology. 

The total angular momentum around the origin x = carried by 
an electromagnetic field (E, B) in a volume V of free space is 
J = ^0 /yd^xxx(ExB) where £q is the free-space dielectric per- 
mittivity. For a beam where the fields fall off sufficiently rapidly 
with distance from the beam axis, the total angular momentum can 
be written J = S + L, where the spin angular momentum S is asso- 
ciated with the two states of wave polarisation and L is the orbital 
angular momentum (OAM). 

Optical vortices are phase defects embedded in light beams 
that carry OAM— ~— . Pure OAM state beams are characterized 
by a quantized topological charge which can take any integer 
value, corresponding to an OAM of ih carried by each photon of 
the beam—. Also radio beams can be prepared in pure OAM states 
and superpositions thereof such that they contain vortices 

Here we report the experimental confirmation of the generation 
and detection of a radio beam endowed with OAM and harbouring 
an electromagnetic vortex. The results were obtained in controlled 
laboratory experiments by employing the technique of letting a ra- 
dio beam illuminate an approximately spiral-formed reflector, re- 
alised in 8 discontinuous steps and sampling the reflected radio 
beam in the far zone by using two identical dipole antennas. 

If A denotes the radio wavelength, and the reflector has N dis- 
crete jumps and a surface pitch rja (in the left-handed sense), the 
reflected beam will acquire the topological charge^ 



For ria = -6.22 cm, A = 12.49 cm (v = 2.40 GHz) and = 8 
as in the experiments reported here, this formula predicts that the 
reflected radio beam had an effective OAM value of i ^ —1.12. 
According to the formula, a pure i = —\ OAM eigenstate would 
have been achieved for A = 13.99 cm (v = 2.14 GHz). However, 
the commercial 2.4-2.5 GHz LAN communications Yagi-Uda an- 
tenna that was used for generating the primary radio beam did not 
not work satisfactorily at this frequency. 

Our findings are summarized in Figures [T}|3] Fig.[Tt shows the 
prediction of the beam intensity distribution obtained in a numeri- 
cal simulation, based on equation ([T]) for 2.40 GHz. Fig.[T]3 shows 
the outcome of the experiment. As is clearly seen, the existence of 
an annularly shaped intensity distribution around a central vortex 
eye, consistent with the existence of a vortex in the radio beam, 
was experimentally confirmed. The field intensity is weaker in the 
2 o'clock direction, both in the simulation and the experiments. 
This is an effect of the non-integer value of i and of the corre- 
sponding imperfect phase matching over the full circle around the 
vortex eye. Figs.[2^-b show, respectively, the numerical and exper- 
imental results obtained when two receiving antennas were used, 
one held fixed at a maximum field point, and the other sampling 
different positions in a plane transverse to the radio beam axis. In 
this case the constructive and destructive interference of the two 
signals clearly result in a division of the map, along the diago- 
nal, into two regions. Finally, we present in Fig. [3] an estimate 
of the comparison between the simulated and experimental phase 
map, interpolated from the one- and two-antenna measurements. 
Despite the unavoidable undersampling in the measurements and 
an ensuing limited accuracy, the phase behaviour, particularly the 
In phase step in the 7 o'clock direction, clearly indicates that the 
beam carries OAM. We notice that the symmetry axis of the vor- 
tex and the phase singularity are both aligned with the mask gap 
direction of —45° relative to the electric field polarization direc- 
tion, as expected. The conclusion is that the experiment produced 
a radio-frequency vortex, in agreement with theory and numerical 
simulations. 

The experimental verification of vorticity and OAM in radio 
means that a new frequency range has become available for fun- 
damental as well as applied OAM-based experiments in disci- 
plines ranging from relativistic astrophysics^^ and nanotechnol- 
ogy and biology to wireless communication with high spectral 
efficiency both classically 1^,27-29 quantum mechanically 
It also opens for the development of new radio and radar probing 
techniques, including spiral imaging It should also be em- 
phasized that certain physical effects and observables associated 
with electromagnetic OAM, for instance electromagnetic torque, 
are stronger for lower frequencies than for higher^. 

Perhaps the most striking practical applications of photon vor- 
ticity in optics and astronomy are super-resolution, where the 
Rayleigh limit can be overcome by at least one order of magni- 
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Figure 2 1 Sum of two antenna signals. These plots show the intensity of 
the sum of the signal from one antenna at a maximum of the field, and the 
signal from a second antenna moved to different positions in a plane 
perpendicular to the beam axis, a, The numerical simulations, b, The 
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Figure 3 1 Phase map. a, Simulated phase map of the radio beam in a 
far-zone plane perpendicular to the beam axis. The model predicts a 27r 
phase step at -45° (the 7 o'clock direction), b, Interpolated phase map, 



tude«as, and highly efficient coronagraphy, where a contrast of up 
to 10^^ can be achieved— In accordance with the trivial fact 
that Maxwell's equations are equally valid for optical and radio 
frequencies, our experiments show that the new OAM-based tech- 
niques developed and employed in optics can indeed be adapted 
to radio. Add to that the fact that electromagnetic orbital angu- 
lar momentum for a large range of frequencies, including radio, 
can be used to reveal ionospheric, magnetospheric, interplanetary, 
and interstellar plasma turbulenc e -^^i"^^ as well as rotating black 



experimental results. The similarity of the patterns between simulations 
and experiments shows that the radio beam generated has topological 
signatures that are consistent with vorticity and OAM. 
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based on measurements of the interference of two antenna signals as 
described above. The low lateral sampling resolution notwithstanding, the 
map clearly indicates the predicted In phase step across the 7 o'clock line. 



holes^ and one realises that we are likely to witness a very rapid 
development in the space sciences. 

METHODS SUMMARY 

The experiments were performed in the anechoic antenna chamber at 
the Angstrom Laboratory of the Uppsala University, Uppsala, Sweden. 
The chamber is electromagnetically as well as acoustically/vibrationally 
shielded from the outside world. The experiments were performed at 2.4 
gigahertz (12.49 cm wavelength) with a resonant 7-element Yagi-Uda an- 
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tenna fed from a signal generator with a continuous 0.01 watt signal. The 
radio beam was reflected off a discrete eight-step approximation of a spiral 
reflector designed for a total In phase shift, mimicking an ideal, smooth 
spiral reflector. The reflected, twisted radio beam was probed with two res- 
onant electric dipole antennas, on axis in the far zone, 7 metres (~ 55A) 
away from the non-focusing reflector. One of the receiving antennas was 
held at a fixed position whereas the other was moved around to sample the 
signal at different fixed grid points in the one and the same plane perpen- 
dicular to the radio beam axis. By making a simultaneous measurement of 
the two antenna signals, the absolute amplitude and the relative phase of 
the electric field of the antenna beam could be estimated. 
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